Abstract. The purpose of the present study was to evaluate the cardioprotective effect of ulinastatin against isoproterenol-induced chronic heart failure (CHF). Compared with the control group, treatment with ulinastatin decreased interventricular septal thickness and left ventricular posterior wall thickness, and improved the left ventricular ejection fraction, left ventricular fractional shortening and peak E and peak A ratio in the isoproterenol-induced CHF rat. In addition, ulinastatin suppressed inflammation, oxidative stress and apoptosis in heart tissue from isoproterenol-induced CHF rats. Ulinastatin induced the activation of the phosphatidylinositol 3-kinase (PI3K)/RAC-α serine/threonine protein kinase (Akt) signaling pathway and downregulated the p38 mitogen-activated protein kinase (MAPK) and nuclear factor (NF)-κB pathway in isoproterenol-induced CHF rats. These data demonstrated the cardioprotective effect of ulinastatin against isoproterenol-induced chronic heart failure through the PI3K-Akt, p38 MAPK and NF-κB pathways.
Introduction
Chronic heart failure (CHF) occurs as a result of a number of cardiovascular diseases and is a complex pathophysiological process; neurohormonal disorders and ventricular remodeling are important pathophysiological changes for patients with CHF (1) . A large dose (>85 mg/kg) of isoproterenol (ISO) may cause diffuse myocardial necrosis and fibrosis, which may gradually develop into dilated cardiomyopathy heart failure (2) . ISO may cause myocardial necrosis similar to myocardial infarction, but it maintains effective coronary circulation (3) . This necrosis depends on dose and time, and ranges between endocardial focal necrosis and transmural necrosis. There are multiple factors underlying the induction of myocardial necrosis by ISO, primarily associated with its cardiac toxicity, and a previous study demonstrated that the following factors are relevant: Relative hypoxia; microcirculation; permeability alterations in myocardial cell membranes; overload of Ca 2+ ; toxic effects of ISO oxidation products; and myocardial ischemia-reperfusion injury (3) .
CHF is the end result of the majority of cardiovascular diseases. Despite progress in treatment methods and an improved prognosis for CHF during the past two decades, the overall morbidity, mortality and readmission rates for heart failure remain high (4) . At present, clinicians recognize that heart failure is an inflammatory reaction, and increasing evidence has demonstrated that inflammation serves an important role in the development of heart failure (5). Previous reports have indicated that pro-inflammatory cytokines are frequently overexpressed in patients with CHF, including C-reactive protein, tumor necrosis factor-α (TNF-α), interleukin (IL)-1, IL-6 and monocyte chemoattractant protein-1, which induce myocardial apoptosis and fibrosis, result in cardiac remodeling, and promote the development of CHF; these effects are positively correlated with the severity of heart failure, indicating a poor prognosis for patients with CHF (6,7). Therefore, anti-inflammatory treatment for heart failure may represent a novel approach.
A recent study demonstrated that for CHF, in addition to enhanced sympathetic excitability and abnormal secretion of various humoral factors, overexpression of inflammatory cytokines and imbalances within the immune system are important aspects of its complex pathophysiology (8) . The abnormal inflammatory response mediated by pro-inflammatory cytokines is associated with left ventricular remodeling, left ventricular failure, endothelial injury, myocardial apoptosis of endothelial cells and cachexia in patients with CHF, and promotes the development of heart failure (9) . Immune system disorders are associated with myocardial cell death, fibrosis, systolic dysfunction and deterioration, and heart failure severity (10) .
The phosphatidylinositol 3-kinase (PI3K)/RAC-α serine/threonine protein kinase (Akt) signaling pathway is Cardioprotective effects of ulinastatin against isoproterenol-induced chronic heart failure through the PI3K-Akt, p38 MAPK and NF-κB pathways widely present in mammalian cells and serves a complex role (11) . When CHF occurs, PI3K/Akt may achieve a cardioprotective effect by regulating downstream target genes (12) . Mitogen-activated protein kinase (MAPK) belongs to the family of serine/threonine protein kinases, which may be activated by certain ligands, including receptors, growth factors, G-protein-coupled receptors and certain stressors (13) . p38 MAPK belongs to the same MAPK system as extracellular signal-regulated kinases 1/2 and 5, and c-Jun N-terminal kinase (JNK), and may be activated by stressors. JNK, p38 MAPK and extracellular signal-regulated kinase 5 are expressed in the human heart (14) . The activities of JNK and p38 MAPK are markedly increased in CHF with ischemic cardiomyopathy (14) . p38 MAPK are selectively expressed in myocardial cells of mice with myocardial infarction (15) .
Ulinastatin is a type of glycoprotein, isolated and purified from the fresh urine of healthy adult males, which acts as a broad-spectrum enzyme inhibitor and may block the release of inflammatory cytokines, prevent the initiation of the cytokine cascade, suppress excessive activation of leukocytes, and block cycle of feedback activation among cytokines, inflammatory mediators and leukocytes (16) . Previous studies have demonstrated, regarding the anti-inflammatory, immunomodulatory and visceral protective effects of ulinastatin, that ulinastatin exhibits a cellular protective function in ischemia-reperfusion injury in the liver, kidney, heart and lung, and improves immune function (16) (17) (18) . The present study examined the hypothesis that the cardioprotective effect of ulinastatin may prevent ISO-induced CHF, and aimed to elucidate the possible mechanism.
Materials and methods
Subjects, grouping and the CHF model. Male Sprague-Dawley rats (6-8 weeks old) weighing 200-220 g were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) and caged individually at controlled temperature (22-23˚C) and humidity (45-55%) with a 12-hour light/dark cycle and free access to food, and water. All procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals and were approved by the medical Ethics Committee of the First Affiliated Hospital of PLA General Hospital (Beijing, China). A total of 30 male Sprague Dawley rats were randomly assigned to three groups: Control group (n=6), ISO-induced CHF model (n=20), and ulinastatin group (n=20). In the control group, rats were intraperitoneally injected with normal saline. In the ISO-induced CHF model group, rats were intraperitoneally injected with 5 mg/kg/day isoproterenol hydrochloride (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 5 days, and subsequently with normal saline for 5 days. In the ulinastatin group, ISO-induced CHF model rats were pretreated with a one off dose of 2,500 IU/kg ulinastatin (Sigma-Aldrich; Merck KGaA) for 1 week, followed by treatment with 5 mg/kg/day isoproterenol hydrochloride (Sigma-Aldrich; Merck KGaA) for 5 days, and subsequently with normal saline for 5 days.
Echocardiographic assessment of heart function. Rats were anesthetized with 30 mg/kg pentobarbital sodium and an ultrasound probe was placed in the left sternal border.
Interventricular septal thickness (IVS) and left ventricular posterior wall thickness (LVPW), the left ventricular ejection fraction (LVEF), left ventricular fractional shortening (LVFS) and peak E to peak A ratio were obtained using the long axis of left ventricle and the maximum diameter, and calculated using ECToolbox™ for Xeleris™ version 2 software (GE Healthcare, Chicago, IL, USA).
Measurements. Rats were anesthetized with 30 mg/kg pentobarbital sodium and sacrificed by decollation. Peripheral blood was collected and serum was absorbed following centrifugation at 5,000 x g for 10 min at 4˚C. Subsequently, serum was used to measure NF-κB (cat no. H202; Nanjing Jiancheng Biology Engineering Institute, Nanjing, China), TNF-α (cat no. PT51), IL-1β (cat no. PI303), IL-6 (cat no. PI328), glutathione peroxidase (GSH-PX; A005), glutathione (GSH; cat no. A005), superoxide dismutase (SOD; cat no. A001-3), malondialdehyde (MDA; cat no. A003-1), caspase-3 (cat no. C1115) and caspase-9 (cat no. C1157) (all from Beyotime Institute of Biotechnology, Haimen, China) using commercial kits. The optical density (OD) of NF-κB, TNF-α, IL-1β, IL-6, GSH-PX, GSH, SOD and MDA was measured using an ELX-800 microplate assay reader (BioTek Instruments, Inc., Winooski, VT, USA) at 450 nm. The OD of caspase-3 and caspase-9 was measured using the ELX-800 microplate assay reader at 405 nm.
Western blotting. Rats were anesthetized with 30 mg/kg pentobarbital sodium and sacrificed by decollation. Heart tissue samples were collected and washed with PBS. The frozen myocardial tissues were homogenized in tissue lysis buffer (radioimmunoprecipitation buffer; Beyotime Institute of Biotechnology) on ice for 20 min. The supernatant was collected following centrifugation at 5,000 x g for 10 min at 4˚C and protein concentration was determined using a bicinchoninic acid kit (Beyotime Institute of Biotechnology). Protein samples (50-80 µg) were subjected to SDS-PAGE on 6-10% gels and transferred to a nitrocellulose membrane (EMD Millipore, Billerica, MA, USA). The membrane was blocked with 5% skim milk powder in Tris-buffered saline with Tween-20 (TBST) for 1 h at 37˚C and probed with the following primary antibodies: Anti-p65 (cat no. 8242; 1:2,000; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-apoptosis regulator Bcl-2 (Bcl-2; cat no. sc-783; 1:500; Santa Cruz Biotechnology, Inc., Dallas, TZ, USA), anti-apoptosis regulator BAX (Bax; cat no. 2772; 1:5,000), anti-Akt (cat no. 4685; 1:2,000), anti-phosphorylated (p)-Akt (cat no. 4060; 1:2,000), anti-p-p38 (cat no. 4511; 1:2,000) and anti-GAPDH (cat no. 5174) (all from Cell Signaling Technology, Inc.), at 4˚C overnight. The membranes were washed with TBST and incubated with anti-rabbit horseradish peroxidase-conjugated secondary antibodies (cat no. sc-2030; 1:5,000; Santa Cruz Biotechnology, Inc.) for 1 h at 37˚C. Protein bands were visualized using the Enhanced Chemiluminescence Plus western blotting detection system (PerkinElmer, Inc., Waltham, MA, USA) and quantified using Image Studio version 1.1 software (LI-COR Biosciences, Lincoln, NE, USA).
Statistical analysis. Quantitative data are expressed as the mean ± standard error of the mean (n=3) using SPSS (version 17.0; SPSS, Inc., Chicago, IL, USA). Data were analyzed using one-way analysis of variance followed by Tukey's post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Cardioprotective effect of ulinastatin against alterations in cardiac structure. At week 5, the IVS and LVPW of the ISO-induced CHF model animals were increased compared with those of the control group (Fig. 1) . Treatment with Ulinastatin prevented IVS and LVPW in ISO-induced CHF rat, compared with the ISO-induced CHF model rat group (Fig. 1) .
Cardioprotective effect of ulinastatin on cardiac function. At week 5, the data presented in Fig. 2 revealed significant inhibitions of LVEF, LVFS and peak E/A ratio in the ISO-induced CHF model rat, compared with the control group. Treatment with ulinastatin significantly increased LVEF, LVFS and peak E/A ratio in the ISO-induced CHF rat, compared with ISO-induced CHF model rat group (Fig. 2) .
Cardioprotective effect of ulinastatin against inflammatory factors. In order to examine the cardioprotective effect of ulinastatin against inflammatory factors, NF-κB, TNF-α, IL-1β and IL-6 expression levels in the ISO-induced CHF model rat were analyzed. As presented in Fig. 3 , NF-κB, TNF-α, IL-1β and IL-6 levels in the ISO-induced CHF model rat were significantly increased compared with the control group. Ulinastatin significantly decreased NF-κB, TNF-α, IL-1β and IL-6 levels in the ISO-induced CHF model rat, compared with the ISO-induced CHF model group (Fig. 3) .
Cardioprotective effect of ulinastatin against NF-κB signaling pathway activation and an increased Bax/Bcl-2 ratio.
In order to further examine the mechanism underlying the anti-inflammatory effect of ulinastatin, the NF-κB pathway and the expression of Bax/Bcl-2 were analyzed in the present study. The data presented in Fig. 4 demonstrated that NF-κB protein expression and the Bax/Bcl-2 ratio were significantly upregulated in ISO-induced CHF model rats, compared with the control group. Treatment with ulinastatin significantly suppressed NF-κB protein expression and the Bax/Bcl-2 ratio in ISO-induced CHF rats, compared with the ISO-induced CHF model group (Fig. 4) .
Cardioprotective effect of ulinastatin against oxidative stress.
The effects of ulinastatin on the expression levels of CHF, GSH-PX, GSH, SOD and MDA in ISO-induced CHF rats were measured in the present study. Fig. 5 illustrates that the levels of GSH-PX, GSH and SOD were significantly decreased and the MDA level was significantly increased in the ISO-induced CHF rat, compared with the control group. In ISO-induced CHF rats treated with ulinastatin, a significant increase in GSH-PX, GSH and SOD levels, and an inhibition of MDA, were observed compared with the ISO-induced CHF model group (Fig. 5) .
Cardioprotective effect of ulinastatin against caspase-3 and caspase-9 activity. The expression of caspase-3 and caspase-9 was analyzed using commercial kits, in order to further examine the effect of ulinastatin on apoptosis in CHF. As presented in Fig. 6 , significant increases in caspase-3 and caspase-9 expression were observed in the ISO-induced CHF rat model group, compared with the control group. Following treatment with isoproterenol hydrochloride for 5 days, ulinastatin significantly inhibited the expression of caspase-3 and caspase-9 in ISO-induced CHF rats, compared with the ISO-induced CHF model group (Fig. 6) .
Cardioprotective effect of ulinastatin against an increased p-Akt/Akt ratio and p-38 expression.
In order to assay the alteration in p-Akt/Akt protein expression in heart tissue samples, western blotting was performed on cardiac tissues from each group. As presented in Fig. 7 , the p-Akt/Akt ratio was decreased and p-38 protein expression of the ISO-induced CHF model was increased compared with the control group. Pretreatment with ulinastatin significantly inhibited the alterations in the p-Akt/Akt ratio and p-38 protein expression in ISO-induced CHF rats, compared with the ISO-induced CHF model group (Fig. 7) .
Discussion
CHF is the most severe form of cardiovascular disease (19) . Due to improvements in medical technology, the incidences ## P<0.01 vs. CHF. CHF, isoproterenol-induced chronic heart failure model group; Uli, ulinastatin group; NF-κB, nuclear factor-κB; Bax, apoptosis regulator BAX; Bcl-2, apoptosis regulator Bcl-2. ## P<0.01 vs. CHF. CHF, isoproterenol-induced chronic heart failure model group; Uli, ulinastatin group; IL, interleukin; TNF-α, tumor necrosis factor-α; NF-κB, nuclear factor-κB.
of other cardiovascular diseases are decreasing; however the incidence of CHF exhibits the opposite trend, and the World Health Organization has established the pathogenesis and treatment of heart failure as the focus of the prevention and treatment of cardiovascular diseases (20, 21) . A previous study has demonstrated that, in the pathogenesis of CHF, the NF-κB signal transduction pathway is associated with apoptosis and myocardial remodeling, which serve important roles (22). ## P<0.01 vs. CHF. CHF, isoproterenol-induced chronic heart failure model group; Uli, ulinastatin group. p, phosphorylated; Akt, RAC-α serine/threonine protein kinase; p38, p38 mitogen-activated protein kinase.
The results of the present study demonstrated that ulinastatin prevented the increase in IVS and LVPW, and increased LVEF and LVFS in ISO-induced CHF rats.
As a transcription factor, NF-κB is able to regulate the immune response, including effects on innate immunity and acquired immunity, which regulates the expressions of a series of inflammatory cytokines and serves an important role in the pathogenesis of CHF (23) . During CHF compensation to decompensation, the amount of cytokines released has been demonstrated to be increased compared with sham controls, and is positively-associated with the activation of NF-κB, suggesting that the generation and activation of cytokines may serve a regulatory role through the activation of NF-κB (24, 25) . The results of the present study demonstrated that ulinastatin significantly inhibited NF-κB, TNF-α, IL-1β and IL-6 levels in ISO-induced CHF rats through suppression of NF-κB. Hou et al (16) posited that ulinastatin may inhibit inflammation via regulation of the 5'-AMP-activated protein kinase/NF-κB pathway in lipopolysaccharide-induced acute lung injury in mice.
CHF is the final result of a number of cardiovascular diseases; the pathogenesis of heart failure is very complex, and involves apoptosis, inflammation, myocardial remodeling and mitochondrial injury of nerve-humoral factors regulating system are interacted with one another. In addition, the associated cell signal transduction mechanisms are complex (26) . The PI3K/Akt signaling pathway serves an important role the regulation of a series of myocardial protective functions, including myocardial cell survival, apoptosis, myocardial remodeling and inflammation, in the pathogenesis of heart failure (27) . A previous study has confirmed that there is an important response relationship between the phosphorylation of Akt and myocardial protection (27) . Pathological cardiac hypertrophy is an important indicator of the development of heart failure (28) . Excessive cardiac hypertrophy results in heart compliance, decreased contractility, myocardial fibrosis and other irreversible alterations (29) . Therefore, the inhibition of pathological cardiac hypertrophy and the delay in ventricular remodeling is an important potential strategy for the prevention and treatment of CHF (29) . Protein kinase mTOR and endothelial nitric oxide synthase (eNOS) are considered to be the important regulators of pathological myocardial hypertrophy (27) . In the present study, it was observed that ulinastatin significantly decreased the p-Akt/Akt ratio in ISO-induced CHF rats.
Myocardial apoptosis is an important mechanism in the pathogenesis of heart failure, and is considered to be the threshold at which heart failure develops into decompensation. The anti-apoptotic effect mediated by the PI3K/Akt signaling pathway is of importance in the regulation of myocardial cellular apoptosis (15) . The PI3K/Akt signal transduction pathway exerts its anti-apoptotic effect through the regulation of its downstream target proteins, including glycogen synthase kinase-3β, caspase family proteins, apoptosis regulator Bcl-2 family proteins and eNOS (30) . The results of the present study demonstrated that ulinastatin significantly suppressed the Bax/Bcl-2 ratio in ISO-induced CHF rats via the PI3K/Akt signaling pathway. Kim et al (31) reported that ulinastatin exerted a protective effect against regional myocardial I/R injury through activation of PI3K-Akt signal transduction and inhibition of p38 MAPK.
Cardiac remodeling is an underlying process in heart failure, which includes remodeling associated with organizational structural alterations in myocardial cells, the extracellular matrix and the collagen fiber network, for example, during the processes of heart chamber expansion and ventricular hypertrophy, in addition to electrical remodeling associated with a variety of signal pathway alterations (32) . Studies have demonstrated that p38 MAPK may be activated in the process of heart failure development, involved in the process of ventricular remodeling, and that the inhibition of p38 MAPK is beneficial for the improvement of ventricular remodeling (14, 33) . During treatment of cardiac remodeling, p38 MAPK activity has been demonstrated to be inhibited, suggesting that p38 MAPK activation serves a positive role in the induction of cardiac remodeling fibrosis (33) . The results of the present study indicated that ulinastatin significantly suppressed p-p-38 protein expression in ISO-induced CHF rats. Liu et al (34) reported that ulinastatin protected against lung injury via the p38 signaling pathway.
In the present study, it was observed that the cardioprotective effect of ulinastatin protected against ISO-induced CHF, inflammation, oxidative stress and apoptosis via the PI3K-Akt, p38 MAPK and NF-κB pathways. Inhibiting inflammation, oxidative stress and apoptosis in ISO-induced CHF with ulinastatin, and illustrating its effect in decelerating the progression of cardiac remodeling requires further investigation.
